several species of seasonally breeding oscine birds, brain areas [vocal control regions (VCRs)] that control vocal behavior learning and expression exhibit seasonal plasticity, being larger during than outside the reproductive period. In adult males, this seasonal decrease correlates with circulating testosterone (T) concentrations. VCRs contain androgen receptors and T plays an important role in neural plasticity and in the control of singing behavior. In behaviorally dimorphic species, VCRs are larger in males than females and change seasonally also in females, but the dependency of these changes on circulating T levels in females has not been established. In free-living adult dark-eyed juncos (Junco hyemalis), a species in which females do not normally sing, the sizes of three VCRs (high vocal center, robust nucleus of the archistriatum, and Area X) were larger in males than females and decreased between summer and fall in both sexes. In males, this decrease was associated with changes in circulating T concentrations. Females, however, had on average undetectable T levels throughout the breeding season. Seasonal changes in VCR volumes in adult females may depend on very low (below detection limit) circulating T concentrations, on nonandrogenic plasma steroids, on androgen (or androgen metabolites) produced in brain tissues, and/or on nonsteroidal factors such as photoperiod or social interactions with conspecific birds.
In oscine birds, song is a learned behavior controlled by a complex set of interconnected brain regions [vocal control regions (VCRs) ] collectively called the song system. This system has traditionally been divided into anterior forebrain and caudal pathways. The anterior forebrain pathway is critical for song learning (Sohrabji et al., 1990; Bottjer and Johnson, 1997; Doupe and Solis, 1997) and includes projections from the telencephalic high vocal center (HVc) to Area X of the parolfactory lobe, which projects to the magnocellular nucleus of the anterior neostriatum (MAN) via the dorsolateral nucleus of the medial anterior thalamus (DLM), and eventually to the robust nucleus of the archistriatum (RA) (Nottebohm et al., , 1982 . The caudal pathway is critical for song production (Simpson and Vicario, 1990; Vicario and Simpson, 1995) and includes projections from HVc directly to RA (Kelley and Nottebohm, 1979) . RA projects to the tracheosyringeal portion of the hypoglossal nucleus (nXII) (for review, see Wild, 1997) , the source of axons to the syrinx or sound-producing organ.
The song system is sensitive to gonadal hormones during ontogeny (for review, see Arnold, 1992; Ar-nold et al., 1996; Bottjer and Arnold, 1997) and in adulthood (Rasika et al., 1994) . In adult males, VCR volumes are larger during the breeding season, when song is expressed at a high rate and stereotyped, than after this season, when song is expressed at a low rate and/or is structurally less stable (Kirn et al., 1989; Gulledge and Deviche, 1997; Smith et al., 1997b,c; Brenowitz et al., 1998) . Generally, plasma testosterone (T) concentrations are also higher during than outside the breeding season (Wingfield and Farner, 1978a,b; Smith et al., 1996 Smith et al., , 1997a Brenowitz et al., 1996 Brenowitz et al., , 1998 Gulledge and Deviche, 1997) and they correlate with aspects of song (Galeotti et al., 1997) . T administration stimulates singing (Logan and Carlin, 1991; Hunt et al., 1997; Gulledge and Deviche, 1998) and androgen receptors are located in HVc, RA, and MAN, but not Area X (Sohrabji et al., 1989; Gahr, 1990; Balthazart et al., 1992; Smith et al., 1996) . This steroid plays a major role in the mediation of seasonal changes in VCR sizes and neural attributes (Gulledge and Deviche, 1997; Smith et al., 1997a) .
In many species, males do all or most of the singing and have larger VCRs than conspecific females Arai et al., 1989; Kirn et al., 1989; Bernard et al., 1993; Brenowitz et al., 1994) . As is the case in males, adult female VCRs decrease in size between the breeding and the postbreeding season (Kirn et al., 1989) . Testosterone administration to adult females can increase or induce singing (canary, Serinus canarius: Leonard, 1939; Nottebohm, 1980; DeVoogd and Nottebohm, 1981; DeVoogd et al., 1985; Brown and Bottjer, 1993;  white-crowned sparrow, Zonotrichia leucophrys: Kern and King, 1972; budgerigar, Melopsittacus undulatus: Nespor et al., 1996) . This treatment to females also increases VCR sizes and induces HVc neural plasticity (Nottebohm, 1980; DeVoogd and Nottebohm, 1981; Goldman and Nottebohm, 1983; Brenowitz and Arnold, 1990; Brown and Bottjer, 1993; Gahr and Garcia-Segura, 1996) , an effect that may be mediated by brain-derived neurotrophic factor (Rasika et al., 1999) .
Whereas females of behaviorally dimorphic species can exhibit male-like behavioral and neuroanatomical changes when challenged with artificially elevated plasma T concentrations, the role of endogenous T in the control of VCR plasticity of these females is unclear. Studies examining effects of T administration on female VCR sizes or song expression either did not measure resulting circulating levels of the steroid (Gahr and Garcia-Segura, 1996; Nespor et al., 1996; Vallet et al., 1996) or reported levels similar to those measured in breeding males (Luine et al., 1980; Nottebohm, 1980; DeVoogd and Nottebohm, 1981) . During the reproductive period, peak plasma T concentrations of adult females belonging to sexually dimorphic species are, however, two to 10 times lower than those of conspecific males (white-crowned sparrow: Wingfield and Farner, 1978b; song sparrow, Melospiza melodia: Wingfield, 1984 ; pied flycatcher, Ficedula hypoleuca: Silverin and Wingfield, 1982 ; Bengalese finch, Lonchura striata: Seiler et al., 1992) . Furthermore, endogenous T concentrations in these females are normally insufficient to induce male-typical song.
To investigate the potential role of endogenous T levels in the control of VCR plasticity in adult females, we measured circulating concentrations of this steroid and VCR sizes in adult breeding and postbreeding adult female dark-eyed juncos (Junco hyemalis), a species in which females do not (or rarely) sing, and we compared values with those obtained in males. We found that the sizes of several VCRs are sexually dimorphic and decrease between summer and fall in both sexes. T levels in males also decreased between summer and fall, but in most females they were undetectable throughout the breeding period and they did not change seasonally. Thus, very low (i.e., below detection limit) plasma T levels are sufficient to mediate seasonal changes of female VCR volumes and/or these changes depend on factor(s) other than circulating concentrations of this steroid.
MATERIALS AND METHODS

Animal Collection and Brain Processing
Dark-eyed juncos from interior Alaska return to their breeding areas at the end of April to early May. Males arrive, on average, earlier than females, and most breeding activities (pair formation, courtship, nest construction, egg laying, incubation, and raising of young) take place between midMay and early July. Males sing at a high rate between arrival and the end of June. In July, singing declines and the reproductive system rapidly involutes as birds become photorefractory (Deviche, 1995) .
We collected birds around Fairbanks, Alaska (65°N, 147°W) using Japanese mist nets and seed-baited Potter traps during [breeding: May 15 to the end of June; males (M): n ϭ 12; females (F): n ϭ 9] and after (postbreeding: September; M: n ϭ 5; F: n ϭ 9) the reproductive season in 1994 (n ϭ 13), 1996 (n ϭ 7), and 1997 (n ϭ 15). In the laboratory, we anesthetized juncos with an intramuscular injection of ketamine/xylazine solution followed with methoxy-fluorane (Metofane; Pitman-Moore, Mundelein, IL) inhalation and we perfused them with 4% paraformaldehyde as described elsewhere (Gulledge and Deviche, 1998) . Brains were postfixed in situ overnight, dissected from skulls, and transferred to 0.1 M phosphate buffer solution containing 0.1% sodium azide at 4°C (1-2 days) followed with 30% sucrose in the same buffer solution at 4°C (10 days). We weighed brains to the nearest milligram, coated them with embedding matrix (M-1; Lipshaw, Pittsburgh, PA) to prevent dehydration, froze them in powdered dry ice, and stored them at Ϫ70°C until further processing. We cryostat-sectioned brains coronally (50 m) at Ϫ15°C and collected alternate sections on gelatin-coated slides. Sections were desiccated overnight at room temperature and stained for Nissl substance with thionin.
VCR Volume Measurement
We measured the volumes of HVc, RA, Area X, (lateral plus medial) MAN, and a control brain region not involved in vocal behavior [nucleus rotundus (Rt)] of all birds, as described by Gulledge and Deviche (1998) . Briefly, we identified regions on stained sections using the canary stereotaxic atlas (Stokes et al., 1974; Arnold et al., 1976) and measured these regions by computer-assisted morphometry. We calculated region volumes on each section by multiplying region cross-sectional area by section thickness. For each region, we then added individual section volumes in a brain, doubled the obtained values, and summed volumes for the left and right brain hemispheres of each bird. We also measured maximum telencephalon (Tel) width (left plus right hemispheres) at the rostro-caudal level of the anterior commissure as a control for overall brain size (Gulledge and Deviche, 1998) .
Brains used for this study were collected during 3 different years, and care was taken to standardize all steps of tissue processing. Furthermore, the same person made all volume measurements. It is, however, possible that slight year-to-year differences in processing produced differential shrinkage of tissues during perfusions and soaking in sucrose solution. To account for this possibility, we examined the contribution of overall brain size (as estimated by Tel width) to individual differences in each VCR and Rt volumes with data collected over the study period combined. For this, we performed multiple linear regressions with sex, breeding condition (breeding or postbreeding), and Tel width as independent variables, and the volumes of each VCR (or Rt) as a dependent variable. Differences in brain size contributed significantly to individual differences in HVc (p ϭ .044), RA (p ϭ .004), Area X (p ϭ .004), and Rt (p ϭ .009), but not MAN (p ϭ .8) volumes. We eliminated this contribution by normalizing volumes of each VCR (except MAN) and of Rt with respect to individual differences in Tel widths using multiple regression equation coefficient values. Normalized volumes were, therefore, independent of brain size (ps all Ͼ.9). These volumes were used for all statistical analyses and data presentation. We analyzed the influence of sex and season (and the interaction between these variables) on Tel width and on normalized brain region volumes by two-way analysis of variance (ANOVA). All data sets met ANOVA assumptions of normality and equal variance. When appropriate, ANOVAs were followed with Student-Newman-Keuls multiple comparison tests. Significance level was in all cases set at ␣ ϭ .05 and all results are presented as means Ϯ standard deviations.
Plasma Testosterone Concentrations
A blood sample (approximately 200 L) was collected into heparinized microhematocrit tubes from a brachial vein of birds caught between the end of April and September, 1996 -1998 . Blood samples were obtained within minutes of capture. Within hours of collection, they were centrifuged (3000 rpm, 10 min, 4°C) and plasma was collected and stored at Ϫ20°C until assayed. We measured plasma T concentrations using a direct solid-phase radioimmunoassay (Diagnostic Products Corp., Los Angeles, CA) as described by Gulledge and Deviche (1998) . The antibody used for the assay has low (Ͻ5%) cross reactivity with estradiol, progesterone, and 5␣-dihydrotestosterone. All samples were assayed in duplicate using 25-50 L of plasma/assay tube. The minimum detectable amount of hormone was 5-10 pg/assay tube (corresponding to 0.1-0.4 ng/mL plasma) depending on the plasma volume used, and the intraassay coefficient of variation was within the range of that previously reported (Gulledge and Deviche, 1998) .
To determine seasonal and age-related changes in plasma T concentrations, we applied two-way ANOVA to data collected only between May 15 and the end of June and in September (corresponding to when brains were obtained). Sample sizes were n ϭ 102 (summer males), n ϭ 22 (fall males), n ϭ 37 (summer females), and n ϭ 7 (fall females). Data were not normally distributed and were therefore ranked before analysis (Conover and Iman, 1981) . We analyzed seasonal changes in female plasma T levels in more detail by dividing all samples according to collection dates (end of April to end of May: n ϭ 15; June: n ϭ 24; July: n ϭ 16; August: n ϭ 3; September: n ϭ 7) and comparing average monthly T levels by one-way Kruskal-Wallis ANOVA on ranks. Data are presented as medians Ϯ halfinterquartile intervals (Nicholson et al., 1997) .
RESULTS
Brain Region Volumes
The sizes of all VCRs were sexually dimorphic and changed seasonally (Figs. 1 and 2, There was no interaction between sex and season for RA or Area X, indicating that seasonal normalized volume changes in these regions were of similar magnitudes in both sexes. A Sex ϫ Season interaction was identified for HVc. The normalized volumes of this region decreased significantly between summer and fall in both sexes, but more so in males than females (comparison of differences between group mean summer and individual fall volumes: Student t test: t 12 ϭ 4.353, p Ͻ .001). HVc sizes, however, decreased by the same relative proportion (percentage decrease between summer and fall for each sex) in both sexes between the two seasons (Student t test: p Ͼ .4). MAN sizes increased between summer and fall in males, but not females.
Tel width increased by 3.6% between summer (13.04 Ϯ 0.44 mm) and fall (13.51 Ϯ 0.29 mm), and there was a nearly significant Sex ϫ Season interaction ( Fig. 3 and Table 1 ). Pairwise comparisons revealed that the seasonal increase in width occurred in females only. The volume of a control brain region (Rt) was not sexually dimorphic and did not vary seasonally. Maximum Tel width was positively correlated to brain weight (Pearson product moment coefficient: r ϭ .643, n ϭ 35: p Ͻ .001) and Rt volume (id.: r ϭ .478, p ϭ .004).
Plasma Testosterone Concentrations
Testosterone was detected in samples collected from 7 of 65 females and exceeded 1 ng/mL in one female (May: 2.18 ng/mL). Average hormone concentrations in females sampled in April to the end of May, June, July, August, and September all were below the assay sensitivity limit and did not change seasonally (Kruskal-Wallis one-way ANOVA on ranks: p ϭ .14).
Analysis of plasma T levels in samples collected May 15 to the end of June and in September revealed (Fig. 4) . During the May 15 to the end of June period, average plasma T concentrations were 3.36 ng/mL in males and below the assay detection limit in females (p Ͻ .05). Average T levels were below the assay sensitivity limit in both sexes in September.
DISCUSSION
Seasonal Changes in Vocal Control Region Sizes: Males versus Females
This study demonstrates that the sizes of three VCRs (HVc, RA, and Area X) of a free-living oscine de- crease in both sexes at the end of the breeding period. This decrease was specific to song regions, as the volume of a region that is not involved in vocal behavior production or perception (Rt) did not vary between summer and fall. Furthermore, seasonal volume decreases were independent of overall brain size, as measured by telencephalon width. Our data are consistent with another study that also demonstrated seasonal, region-specific changes in VCR sizes in adult females (red-winged blackbird, Agelaius phoeniceus: Kirn et al., 1989) . The VCRs of adult female juncos were on average 2.70 (MAN) to 4.46 (HVc) times smaller than those of males. These ratios resemble those reported in other species in which males either do all or most of the singing or have a larger vocal repertoire than females (Nottebohm, 1980; Canady et al., 1984; Arai et al., 1989; Kirn et al., 1989; Bernard et al., 1993) . The volume of MAN increased between summer and fall in males. The significance of this result is unclear because in a previous study, male junco MAN volumes did not change seasonally and did not differ between castrated birds that did or did not receive exogenous T (Gulledge and Deviche, 1997) .
Seasonal changes in HVc, Area X, and probably RA volumes in male juncos are partly regulated by circulating T concentrations. These volumes decrease between summer and fall in parallel with plasma T levels. Furthermore, castration of males in breeding condition caused a reduction in HVc and Area X volumes that was prevented by T replacement at physiological doses (Gulledge and Deviche, 1997) . Other investigations likewise identified an important role for T in the control of adult male VCR sizes (Brown and Bottjer, 1993; Smith et al., 1997a) . In contrast to males, female juncos had, on average, undetectable plasma T levels throughout the breeding season. Seasonal changes in VCR volumes in females were therefore not associated with measurable alterations of their circulating androgen concentrations. This result may be interpreted in several ways.
Neuroendocrine Control of Region Volume Changes in Adult Females
Steroid Hormones. One possibility is that female juncos had elevated plasma T levels before arrival on breeding grounds and hormone levels had decreased by the time birds reached the study area. This hypothesis is unlikely because in other migratory female songbirds maximum plasma T concentrations occurred during spring migration and shortly after arrival on breeding grounds and pairing (Wingfield and Farner, 1978a,b) or during incubation (Silverin and Wingfield, 1982) . In the present study, females were sampled during these phases of their annual cycle and the hormone assay sensitivity was comparable to that reported in other investigations. Alternately, it is possible that plasma T concentrations in female juncos vary seasonally and are responsible for seasonal changes in VCR volumes, but peak hormone levels do not reach 0.1 ng/mL plasma (assay detection limit). This possibility cannot be excluded at the present time, although it should be pointed out that no experimental evidence supports the idea that such low circulating T concentrations influence VCR sizes or functions in any adult oscine.
Seasonal VCR plasticity in adult females may depend on an influence of peripherally and/or centrally produced estradiol and/or a combined action of androgens and estrogens. Circulating estradiol levels in females are elevated during the breeding season (Wingfield and Farner, 1978a,b; Wingfield, 1984) . In some species, HVc as well as an area surrounding RA contain estrogen receptors in both sexes (Gahr, 1987 (Gahr, , 1990 Brenowitz and Arnold, 1989; Gahr et al., 1993; Brenowitz et al., 1996) . In addition, HVc volume in canaries decreases after ovariectomy (Nottebohm, 1980) and estradiol (E) exerts multiple neurotrophic (RA dendrite growth: DeVoogd and Nottebohm, 1981; incorporation of new neurons into HVc: Hidalgo et al., 1995; Goldman, 1998 ) and neurochemical (catecholamine turnover: Barclay and Harding, 1990 ) effects on VCRs. Some effects of T on the adult song system may therefore result from aromatization of this steroid into E taking place peripherally and/or centrally (Schlinger and Arnold, 1991; Shen et al., 1994; Saldanha and Schlinger, 1997; dark-eyed junco: Plumari et al., 1998) . It should be pointed out that in species exhibiting adult neural plasticity, the influence of T administration is only partially replicated by E treatment. Administration of estradiol to adults does not induce singing (DeVoogd and Nottebohm, 1981; Harding et al., 1988 ; but see Walters et al., 1991) and has so far not been shown to increase VCR sizes. These observations suggest that androgens induce behavioral and neural changes partly following aromatization, but also by direct activation of androgen receptor-mediated processes. Zebra finch (Taeniopygia guttata) brain tissues contain the enzyme 3␤-hydroxysteroid dehydrogenase that converts (Vanson et al., 1996) . Accordingly, it is conceivable that brain tissues of intact birds synthesize androgens de novo (also see Schlinger, 1997) and that E-mediated effects on VCRs occur in the absence of circulating androgens. Following this hypothesis, seasonal changes in adult songbird VCR sizes may involve complementary actions of peripherally and/or centrally produced estrogens and of centrally synthesized androgens.
Photoperiod. Several investigations have demonstrated a gonadal hormone-independent stimulating influence of long photoperiod on VCR sizes Ball, 1995, 1997; Smith et al., 1997a) . Exposure of photorefractory male juncos to long photoperiod increased the sizes of HVc and Area X compared to birds held on short photoperiod, although circulating T was undetectable in all birds (Gulledge and Deviche, 1998) . Transfer of male canaries from spring-to fall-like condition markedly increased HVc cell death rate and tended to reduce this region's volume without consistently affecting plasma T concentrations (Kirn and Schwabl, 1997) . Photoperiod in interior Alaska decreases from approximately 23 h in June to 12 h in September. This large decrease may promote a reduction of female junco VCR volumes in the absence of detectable circulating T.
Social Factors. Female VCR sizes may finally decrease between summer and fall owing to an influence of social factors, such as changes in song rates of conspecific males. Several studies demonstrate that females are sensitive to aspects of conspecific male songs. For example, female great tits (Parus major) and song sparrows can identify their mate based on individual song features (Lind et al., 1996; O'Loghlen and Beecher, 1997) , and female pied flycatchers prefer males that produce longer songs (Lampe and Saetre, 1995) . In females, HVc and MAN play an important role in song perception (Brenowitz, 1991; Hamilton et al., 1997) and presentation of conspecific song playbacks stimulates immediate-early gene expression in auditory brain areas of female canaries and zebra finches (Mello and Ribeiro, 1998) . A recent study found that VCR sizes of adult male whitecrowned sparrows are influenced by social factors (Tramontin et al., 1999) . Specifically, photostimulated males paired with a sexually receptive female had larger HVc and RA than males not exposed to females, although both groups of males had similar plasma T levels. Male juncos sing at a high rate during the breeding period, but not (or rarely) in the fall (personal observations), and maintenance of VCR sizes during the breeding season in females may likewise depend on auditory or other social stimulation provided by conspecific males. Additional research is warranted to evaluate this possibility and to elucidate the neurophysiological mechanisms by which acoustic information may be transduced into neural plasticity.
Functional Implications of Seasonal Changes in Region Volumes in Adult Females
The function of seasonal changes in song-related region volumes and attributes remains a matter of debate. Early studies suggested that these changes relate to seasonal song learning and forgetting (Nottebohm, 1981) . Subsequent investigations, however, identified seasonal VCR size modifications in species that do not change their songs as adults (Arai et al., 1989; Brenowitz, 1991; Brenowitz et al., 1991 Brenowitz et al., , 1996 Smith et al., 1995) . More recently, authors found correlations between seasonal changes in VCR sizes and aspects of song stereotypy (Smith et al., 1995 (Smith et al., , 1997c Brenowitz et al., 1998) , suggesting that seasonal plasticity of the adult male song system may regulate vocal behavioral stereotypy rather than new song learning. In the present study, the HVc, RA, and Area X underwent similar seasonal volume changes in both sexes, although female juncos do not normally produce male-typical songs. Seasonal changes in female VCR sizes may either control changes in the stereotypy of learned vocalizations other than male-typical song and/or modulate seasonal modifications in the perception of species-specific vocal behavior. The latter possibility is supported by the fact that lesions of HVc (female canary : Brenowitz, 1991; Del Negro et al., 1998) or of the caudal hyperstriatum ventrale, an auditory area that projects to HVc (female zebra finch: MacDougall-Shackleton et al., 1998) , have detrimental effects on the discrimination of conspecific and of species-specific songs. Further research is needed to elucidate the functions of seasonal changes in the size of this and other song-related regions, to identify the neural mechanisms that control the perceptual abilities of nonsinging female birds, and to determine whether and how these abilities vary between the breeding and the nonbreeding season and as a function of the hormonal environment.
Thanks are due to John Kirn for comments on a draft of the manuscript, and to Cynthia Simons, Amy MacCauley, and Daniel Eckman for assistance with bird capture. This work was partly supported by National Institute on Deafness and Other Communications Disorders Grant K01 DC00144 (PD) and by National Science Foundation Dissertation Improvement Grant IBN-96-23171 (PD, CG).
